The soil bacterium Pseudomonas protegens Pf-5 (previously called P. fluorescens Pf-5) produces two siderophores, enantio-pyochelin and a compound in the large and diverse pyoverdine family. Using high-resolution mass spectroscopy, we determined the structure of the pyoverdine produced by Pf-5. In addition to producing its own siderophores, Pf-5 also utilizes ferric complexes of some pyoverdines produced by other strains of Pseudomonas spp. as sources of iron. Previously, phylogenetic analysis of the 45 TonB-dependent outer membrane proteins in Pf-5 indicated that six are in a well-supported clade with ferric-pyoverdine receptors (Fpvs) from other Pseudomonas spp. We used a combination of phylogenetics, bioinformatics, mutagenesis, pyoverdine structural determinations, and cross-feeding bioassays to assign specific ferric-pyoverdine substrates to each of the six Fpvs of Pf-5. We identified at least one ferric-pyoverdine that was taken up by each of the six Fpvs of Pf-5. Functional redundancy of the Pf-5 Fpvs was also apparent, with some ferric-pyoverdines taken up by all mutants with a single Fpv deletion but not by a mutant having deletions in two of the Fpv-encoding genes. Finally, we demonstrated that phylogenetically related Fpvs take up ferric complexes of structurally related pyoverdines, thereby establishing structure-function relationships that can be employed in the future to predict the pyoverdine substrates of Fpvs in other Pseudomonas spp.
P
seudomonas is a genus of gammaproteobacteria known for its ubiquity in natural habitats and striking ecological, metabolic, and biochemical diversity. Within the genus, members of the Pseudomonas fluorescens group are common inhabitants of soil and plant surfaces, and certain strains function in the biological control of plant disease, protecting plants from infection by soilborne and aerial plant pathogens. The soil bacterium Pseudomonas protegens Pf-5 (previously called Pseudomonas fluorescens Pf-5) (1) is a well-characterized biological control strain, distinguished by its prolific production of secondary metabolites, including a spectrum of antibiotics that suppress plant-pathogenic fungi (2, 3) . Pf-5 also produces two siderophores that function in iron acquisition by the bacterium, enantio-pyochelin (4) and a pyoverdine.
Pyoverdines are a group of siderophores produced by the fluorescent pseudomonads, with over 70 structures identified (5, 6) . Many strains of Pseudomonas spp. produce another siderophore, in addition to a pyoverdine; these secondary siderophores are diverse in structure but typically bind iron with a lower affinity than the primary pyoverdine siderophores (7) . Pyoverdines are composed of a dihydroxyquinoline chromophore, which is responsible for diffusible green fluorescence; an acyl side chain (either dicarboxylic acid or amide) bound to the amino group of the chromophore; and a peptide chain of variable length and composition (6 to 14 amino acids). The structural differences distinguishing pyoverdines are primarily found in the peptide chain, but the chromophore and acyl side chains also can vary (5) . Iron is bound through interactions with the catechol unit of the chromophore and hydroxamate-or hydroxy acid-containing amino acids of the peptide chain (5) .
Like other siderophores, the ferric-pyoverdines are bound and transported into the bacterial cell by TonB-dependent outer membrane proteins (TBDPs) called ferric-pyoverdine outer membrane proteins (Fpvs). The structural characteristics of Fpvs include a 22-stranded ␤ barrel that forms a channel for transport of the ferric-pyoverdine complex through the outer membrane, extracellular loops, and a plug domain to block the channel formed by the ␤ barrel (8, 9) . Ferric-pyoverdines are moved via Fpvs across the outer membrane into the periplasm, where the iron is released from the pyoverdine (10) . Transport of ferricsiderophore complexes by TBDPs requires energy, which is provided by proton motive force via TonB-ExbB-ExbD complexes in the inner membrane (11) . In FpvAI, a well-characterized Fpv in P. aeruginosa, a 6-amino-acid motif called the TonB box is required for the interaction with TonB (9, 12) . Most Fpvs also have an N-terminal signaling domain that interacts with a regulatory protein (anti-sigma factor), which controls the expression of an extracytoplasmic function (ECF) sigma factor (13) . Together, the TBDP, ECF sigma factor, and anti-sigma factor constitute a cell surface signaling system that functions in environmental sensing and signal relay into the cytoplasm.
The ferric-pyoverdine/Fpv interaction is best understood in P. aeruginosa PAO1, where the structural components and key bind-ing residues of FpvAI have been characterized (8, 13, 14) . Collectively, strains of P. aeruginosa produce pyoverdines having three distinct structures (type I, II, or III), with each strain producing one pyoverdine and the corresponding FpvA variant (FpvAI, FpvAII, and FpvAIII). The ferric complex of the type I pyoverdine produced by PAO1 is bound by specific amino acids located in the plug, extracellular loops, and the ␤ barrel of FpvAI. These amino acid residues primarily interact with the pyoverdine chromophore and the hydroxamate-containing amino acids of the peptide chain (15) . The specificity of Fpvs in binding and transport of cognate pyoverdines is well established (9, 15) , but Fpvs can also function in the uptake of ferric complexes of heterologous pyoverdines having similar peptide chain sequences (15) (16) (17) . For example, FpvAI can bind and take up ferric-pyoverdines produced by several Pseudomonas spp., albeit with varied affinities. The first three residues of the pyoverdine peptide chain are the most critical determinants of affinity, but other factors, such as isomerization of the amino acid residues, also play a role in binding and transport by FpvAI (15) .
The capacity to utilize siderophores produced by other microorganisms is thought to impart a selective advantage to bacteria, providing a mechanism to acquire iron that would otherwise be unavailable (18) . Gram-negative bacteria commonly have multiple TBDPs in their outer membranes, some of which function in uptake of ferric complexes of siderophores produced by other organisms (19) . For example, the soil bacterium P. protegens Pf-5 has 45 TBDPs, many of which have predicted functions in the uptake of ferric complexes of heterologous siderophores such as enterobactin, aerobactin, citrate, ferrioxamine, or ferrichrome (20) . Phylogenetic analysis of the 45 TBDPs in the Pf-5 proteome indicated that 6 TBDPs fall into a well-supported clade with known Fpvs from other Pseudomonas spp. (20) . Like many other Pseudomonas spp. (15, (21) (22) (23) (24) (25) , Pf-5 can utilize the ferric complexes of many structurally distinct pyoverdines as iron sources (20) .
The goal of the current study was to characterize the six putative Fpvs of Pf-5. We constructed six mutants, each having a deletion in one unique Fpv-encoding gene (fpv), and assessed their utilization of specific pyoverdines as iron sources. Each of the six mutants lacked the capacity to utilize ferric complexes of one or more pyoverdines, enabling the assignment of specific pyoverdines to each of the six Fpvs in the Pf-5 genome. One Fpv (FpvZ) recognized the ferric complex of the pyoverdine produced by Pf-5, which was structurally characterized by high-resolution mass spectroscopy (MS) and found to be identical to the previously described pyoverdine produced by P. protegens CHA0 (26) . These results demonstrate that the capacity of P. protegens Pf-5 to utilize a diverse spectrum of ferric-pyoverdines as iron sources is achieved through six Fpvs that recognize structurally distinct pyoverdines.
MATERIALS AND METHODS
Bacterial strains and growth conditions. Pseudomonas strains were grown routinely on King's medium B (KMB) (27) (28) or on solidified LB at 37°C. The following antibiotics were used at the indicated concentrations: gentamicin at 40 g/ml (P. protegens) and 12.5 g/ml (E. coli), kanamycin at 50 g/ml, streptomycin at 100 g/ml, and tetracycline at 200 g/ml (P. protegens) and 20 g/ml (E. coli).
The pyoverdine-producing strains of Pseudomonas spp. used in this study are listed in Table 1 . Pyoverdine-deficient mutants of some strains were obtained as follows: mutant A506-1 from P. fluorescens A506 (51) was from Steven Lindow, mutant WCS374-02 from P. fluorescens WCS374 (41) was from Peter Bakker, and a pvdE mutant of P. aeruginosa 7NSK2 was from Isabelle Schalk. Derivatives of Pf-5 with mutations in pvdI (which encodes a nonribosomal synthetase required for pyoverdine production), in the enantio-pyochelin biosynthesis gene pchA or pchC, or in both pyoverdine and enantio-pyochelin biosynthesis genes (i.e., ⌬pvdI-pchC and ⌬pvdI-pchA mutants) were described previously (20) . Deletions in the six fpv genes of Pf-5 were introduced into Pf-5 or the ⌬pvdI-pchC or ⌬pvdI-pchA mutant background as described by Hassan et al. (52) using overlap-extension PCR methods (53) with primers specific to each gene (see Table S1 in the supplemental material). The resulting deletion is associated with an 85-bp FLP recombinase target scar that does not exhibit any known polar effects on downstream genes (53) .
Iron-limited growth. Six mutants of Pf-5, each having a deletion in one of the six Fpv-encoding genes, were tested for iron-limited growth as described by Hartney et al. (20) . Briefly, bacterial cells from overnight cultures grown in KMB broth were suspended in water to an optical density at 600 nm (OD 600 ) of 0.1. Five microliters of 100-fold-diluted cell suspension was placed on KMB agar containing the iron chelator 2,2=-dipyridyl (Sigma-Aldrich, St. Louis, MO) at 0, 100, 200, 400, 600, and 800 M. Bacterial growth was observed following 24 h of incubation at 27°C. Each strain was tested in at least two experiments, each evaluating two replicate plates.
Fpv sequence alignment and structure prediction. The multiple-sequence-alignment tool T-Coffee (54) was used to align the amino acid sequences and FpvAI of P. aeruginosa. The PSIPRED GenThreader method (55) and a ␤-barrel prediction model (56) were used to predict the secondary structure of the six Fpvs in the Pf-5 proteome. Homology modeling of the six Fpvs was done using the SWISS-MODEL server and Deepview program (57, 58) . The homology models were constructed using a structure-based sequence alignment with the crystal structure of FpvAI from P. aeruginosa PAO1 (8) as the template.
Bioinformatic prediction of pyoverdine peptide chain composition. The amino acid composition of the peptide chain of pyoverdines with unknown structures was predicted from the sequences of genes encoding the corresponding nonribosomal peptide synthetases (NRPSs) using the NRPS/ polyketide synthase predictor (59) and the NRPS predictor (http://www-ab .informatik.uni-tuebingen.de/software/NRPSpredictor) (60, 61) .
Pyoverdine purification. The pyoverdine from P. protegens Pf-5 was obtained from cultures of a ⌬pchA mutant of Pf-5 grown in Difco minimal broth Davis without dextrose (Becton, Dickinson and Company) supplemented with 20 mM glycerol at 24°C with shaking at 140 rpm. After 72 h of incubation, bacterial cells were removed by centrifugation. Amberlite XAD-4 adsorbent resin was added to the supernatant (50 g/liter), and the mixture was agitated at 120 rpm for 24 h. The XAD-4 resin was then passed through a fritted funnel, and the bound metabolites were eluted with acetonitrile (MeCN)-H 2 O (75:25) under agitation for 24 h. The eluate, which contained the pyoverdine, was dried using a rotary evaporator and redissolved in methanol (MeOH)-H 2 O (50:50) for high-performance liquid chromatography (HPLC) analysis. For reverse-phase HPLC separation of this crude XAD-4 extract (Phenomenex aqua column; 4.6 by 250; particle size, 5 m; flow rate, 1.0 ml/min; UV monitoring at 380 nm), we used isocratic elution at 2% MeCN in H 2 O for 10 min, followed by gradient elution from 2 to 10% MeCN in H 2 O over 10 min, followed by isocratic elution at 10% MeCN in H 2 O for an additional 10 min. This yielded the purified pyoverdine of Pf-5 in both the iron-chelated and the deferrated forms at an approximately 1:1 ratio, as determined by MS and UV analysis.
Pyoverdines from the other strains of Pseudomonas spp. were obtained from cultures grown in succinate medium (62) at 25°C with shaking at 200 rpm. After 72 h of incubation, bacterial cells were harvested by centrifugation. The supernatant was adjusted to pH 6.0, centrifuged again (5,200 ϫ g, 30 min), and passed through a column of Amberlite XAD-4 (63) . The pyoverdines were eluted with 100% methanol, and the eluate was dried in a rotary evaporator, resuspended in 5 ml of deionized water, and incubated at 4°C overnight. A second chromatography step was performed on a column of LiChroprep RP-18 (particle size, 40 to 63 m; Merck, Whitehouse Station, NJ). After loading, the column was rinsed with 0.1 M EDTA, followed by pH 4.0 acidified water (1% formic acid), and pyoverdines were eluted with 50% methanol. After use, the column was washed with methanol, regenerated with 1% HCl, rinsed with deionized water, and stored at 4°C. The resultant partially purified pyoverdine preparations, which were composed almost entirely of the iron-free ligand, were concentrated and lyophilized prior to storage at 4°C in the dark.
Pyoverdines were isolated from the partially purified preparations by reverse-phase HPLC using a linear gradient of 2:98 to 100:0 MeOH-H 2 O over a period of 30 min, followed by isocratic elution with 100% MeOH for 10 min (Macherey-Nagel Nucleodur PolarTec column; 250 by 4.6 mm; particle size, 5 m; flow rate, 1 ml/min; UV monitoring at 210, 254, and 370 nm). This procedure yielded the pyoverdines of P. rhodesiae CFML92-104 and Pseudomonas sp. strain SB8.3 in a highly purified form and, in the case of P. aeruginosa PAO1, P. putida Bn7, and Pseudomonas sp. strain B10, two to three pyoverdine isoforms. The mass of each pyoverdine was determined by high-resolution electron spray ionization (ESI)-MS.
Cross-feeding assays and utilization of heterologous pyoverdines by Pf-5. Cross-feeding assays were performed as described by Hartney et al. (20) . Briefly, cells from test strains and indicator strains were suspended in water to an OD 600 of 0.1. Ten microliters of the test strain suspension was placed at the center of a petri plate containing an iron-limited medium (KMB amended with 2,2=-dipyridyl at 400 M or 600 M). For test strains that did not grow on the iron-limited medium, an agar plug (6 mm) obtained from a 48-h culture on KMB was substituted for the cell suspension. Cell suspensions of the indicator strains (OD 600 of 0.1) were 
a Growth of Fpv Ϫ mutants in a ⌬pvdI-pchC background of Pf-5 on an iron-limited medium (KMB amended with 400 or 600 M 2,2=-dipyridyl) in the presence of the crossfeeding strain: ϩ, growth; Ϫ, no growth. The ⌬pvdI-pchC mutant of Pf-5 did not grow on the iron-limited medium in isolation but did grow in the presence of all cross-feeding strains listed. Values represent results from two replicate plates of at least two independent experiments. b Composition of the peptide chain of the pyoverdine produced by the cross-feeding strain. An underline denotes a D-amino acid. Parentheses define cyclic residues. cOHOrn, cyclo-hydroxy-ornithine; εLys, Lys linked by its ε-NH 2 ; OHAsp, threo-␤-hydroxy-aspartic acid; aThr, allo-Thr; AcOHOrn, ␦N-acetyl-␦N-hydroxy-ornithine. c Incomplete structures lacking stereochemistry. Italicized peptide chains are inferred from siderotyping analysis (6) . These pyoverdines are in the same siderotype as a pyoverdine with a chemically determined structure. Predicted pyoverdine structures do not show amino acid modifications or stereochemistry, as these are unknown. d Structures predicted from bioinformatic analysis of the NRPS sequences in the pyoverdine gene clusters in the genomes of these strains. e Strains known to produce secondary siderophores, in addition to pyoverdines: P. protegens Pf-5 and CHA0, enantio-pyochelin (4); P. aeruginosa PAO1 and 7NSK2, pyochelin (7, 48) ; P. fluorescens SBW25, ornicorrugatin (7); P. fluorescens WCS374 and A506, pseudomonine (41, 49) . Pf-5 can utilize enantio-pyochelin as an iron source, but it cannot utilize pyochelin (50) and lacks the TBDPs for ornicorrugatin and pseudomonine (E. W. Davis II, S. L. Hartney, and J. E. Loper, unpublished data). f Strain CTRp112 is the same as strain PL8 and strain CLR711 is the same as strain PL7 (J. M. Meyer, personal communication), and the structures of pyoverdines produced by strains PL8 and PL7 are known (42) . diluted 100-fold in sterile water, and 5 l of the diluted suspension was placed 10 mm away from the test strain or pyoverdine on the agar surface. Indicator strains were derivatives of Pf-5 deficient in the production of both pyoverdine and enantio-pyochelin (i.e., ⌬pvdI-pchC and ⌬pvdI-pchA) with deletions in genes encoding one or more of the six Fpvs of Pf-5. The indicator strains could not grow on KMB amended with 2,2=-dipyridyl at 400 M unless they could use the ferric complex of a siderophore produced by the test strain (20) . Plates were incubated at 27°C, and growth of the indicator strain was observed at 2 days. Tests evaluating the utilization of heterologous pyoverdines by Pf-5 were done following a procedure similar to that used for the cross-feeding assays, with 5 l of a pyoverdine solution substituting for the test strain. Concentrations of the pyoverdine solutions were determined from the mass of the dried pyoverdine samples. Due to variability in the purity of the partially purified preparations, we estimate that the pyoverdine concentration in those samples ranged from 5 to 8 M.
Phylogenetic analysis. Amino acid sequences of the six Fpvs from Pf-5 were submitted to the NCBI database of nonredundant protein sequences to identify the five best hits for each using the PSI-BLAST algorithm (64) . These sequences and those of Fpvs having known ferricpyoverdine substrates were aligned using the ClustalW program (65) with a gap open penalty of 15 and a gap extension penalty of 0.3. A phylogenetic analysis of the aligned sequences was done using the neighbor-joining method available through the MEGA (version 5.0.5) package (66) .
RESULTS AND DISCUSSION
Structural analysis of ferric-pyoverdine outer membrane proteins. Protein structure analysis using PSIPRED GenThreader matched all six of the putative Pf-5 Fpvs to FpvAI (PA2398) of P. aeruginosa PAO1. Due to their similarities to FpvAI, we adopted the naming convention established for P. aeruginosa; here, the six pyoverdine uptake proteins in Pf-5 are called FpvU (PFL_2391), FpvV (PFL_2527), FpvW (PFL_2293), FpvX (PFL_3315), FpvY (PFL_3485), and FpvZ (PFL_4092).
Homology modeling of the six Pf-5 Fpvs was done using the known crystal structure of FpvAI (Protein Data Bank accession number 2w16A) as a template ( Fig. 1A; see Fig. S1 in the supplemental material). A model of FpvW could not be generated due to its divergence from FpvAI, but root mean square (RMS) values were calculated for backbone residues of the other five Fpvs in Pf-5: FpvU, 0.173Å; FpvY, 0.40Å; FpvX, 0.55Å; FpvZ, 0.626Å; and FpvV, 1.51Å. Comparison of the six Fpvs of Pf-5 to FpvAI identified secondary structural similarities of the proteins, which were especially evident in the ␤ strands of the ␤ barrel, the plug domain involved in binding and movement of substrate (9) , and the Nterminal signaling domain involved in the signaling cascade to regulate genes involved in uptake of ferric-pyoverdine complexes (13) (Fig. 1A; see Fig. S1 in the supplemental material).
The amino acid sequences of the TonB boxes of the Pf-5 Fpvs are divergent but could putatively be identified on the basis of their locations in the ␤ strand and the presence of bordering leucine residues ( Fig. 1A; see Fig. S1 and S2 in the supplemental material). FpvU shares four of six residues with the well-characterized TonB box of FpvAI (8, 12) , whereas the TonB boxes of the other five Fpvs of Pf-5 share only one to three of the six residues (see Fig. S2 in the supplemental material). The lack of sequence conservation in TonB boxes was previously noted for the 45 TBDPs of Pf-5 (20) and for an extensive set of TBDPs characterized from other bacteria (11) . The latter study concluded that divergence in the amino acid sequence of the TonB box has little effect on substrate binding, as long as the surrounding residues forming a ␤ strand are conserved. Rather than the primary amino acid sequence, the secondary protein structure, specifically, the interaction of a ␤ strand encompassing the TonB box motif of the membrane protein with the ␤-sheet structure of TonB, is thought to determine binding to TonB (11) . Homology models of five of the Pf-5 Fpvs clearly indicate the presence of a ␤-strand structure overlapping the TonB box ( Fig. 1A; see Fig. S1 in the supplemental material), which is consistent with the contention that the second- ary structure of the TonB box region is required for interaction with TonB.
The RMS values and sequence alignments of the Pf-5 Fpvs suggest that FpvU is the most closely related to FpvAI (68% identical at the amino acid level). Of the 18 amino acids located in the binding pocket of FpvAI that interact with the pyoverdine of PAO1 (8, 13), 15 are also present in the binding pocket of FpvU (Fig. 1B and C) . Homology modeling between FpvAI and FpvU indicated that the binding residues are in similar locations in both proteins: the channels of the ␤ barrels and the plug domains (Fig.  1B) . Two of the altered binding residues are conservative substitutions (G230 to A237 in the plug domain and D597 to E606 in the ␤ barrel), and one is a nonconservative substitution (Y600 to N609 in the ␤ barrel) (Fig. 1C) . Putative pyoverdine binding residues of FpvZ, FpvV, FpvW, FpvX, and FpvY could not be identified from homology models or by alignment due to their divergence from FpvAI (see Fig. S2 in the supplemental material) .
Iron-limited growth of Pf-5 mutants with an fpv deletion (i.e., Fpv ؊ mutants). To determine the functions of the six Fpvs in ferric-pyoverdine uptake, a deletion in each fpv was introduced into wild-type Pf-5, which produces a pyoverdine and enantiopyochelin (4, 20) . Deletions in five of the fpv genes (fpvU, fpvV, fpvW, fpvX, and fpvY) had no detectable effect on iron-limited growth when introduced into the wild-type background (data not shown). These five mutants exhibited wild-type levels of fluorescence and, like the parental strain Pf-5, grew on an iron-limited medium (KMB amended with up to 800 M the chelator 2,2=-dipyridyl). In contrast, the fpvZ mutant, like the pvdI mutant of Pf-5, which lacks a nonribosomal synthetase required for pyoverdine biosynthesis, was not fluorescent and grew only on KMB containing Յ400 M 2,2=-dipyridyl. The lack of growth of the fpvZ mutant on the iron-limited medium was not surprising because fpvZ is located in one of the pyoverdine biosynthesis gene clusters of Pf-5 (20) (Fig. 2A) and therefore was expected to function in the uptake of ferric complexes of the pyoverdine synthesized by Pf-5, as was demonstrated in experiments described below. The involvement of the cognate Fpv in the regulation of pyoverdine biosynthesis genes is well established in the literature (67, 68) , so the lack of fluorescence of the fpvZ mutant was likely due to reduced expression of pyoverdine biosynthesis genes.
Characterization of the pyoverdine of P. protegens Pf-5. We began our analysis of the substrate specificity of FpvZ by using a combination of bioinformatics and analytical chemistry to determine the structure of the Pf-5 pyoverdine. The pyoverdine gene clusters of Pf-5 contain four NRPS-encoding genes (20) (Fig. 2A) . One of these, PFL_4189 (pvdL), presumably governs the synthesis of the pyoverdine chromophore, as it shares 75% predicted amino acid identity with the chromophore NRPS-encoding gene pvdL of P. aeruginosa PAO1. Likewise, the contiguous genes PFL_4093 to PFL_4095 are expected to code for the peptidic side chain of the Pf-5 pyoverdine. From an in silico analysis of the corresponding adenylation and epimerization domains thereof, the following peptide sequence was deduced: (Fig. 2B) . Due to the presence of orthologs of pvdA (PFL_4079, 76% amino acid identity to PAO1 PvdA) and pvdF (PFL_4090, 73% amino acid identity to PAO1 PvdF) ( Fig. 2A) , which encode an ornithine hydroxylase and an ornithine transformylase, respectively, we assume that Orn2 and Orn7 are present as ␦N-formyl-␦N-hydroxy-ornithine (FOHOrn) residues. The resulting peptide sequence thus conforms exactly to the peptide chain of the pyoverdine of P. fluorescens CHA0 (26), which is additionally cyclized between Thr4 and Lys8. The bioinformatic prediction is corroborated by a previously reported isoelectric focusing (IEF) analysis (22) , which confirmed the peptide sequence and the cyclization scheme. The absolute configuration of the chromophore was not determined experimentally; however, since all chromophores obtained from related pyoverdines possess an S configuration at this center, we assume that the chromophore residue in the pyoverdine of Pf-5 also has an S configuration. Support for this hypothesis is also provided by the in silico analysis of pvdL (PFL_4189): module 4 of PvdL determines the absolute configuration of the amino acid residue 2,4-diaminobutyric acid (Dab) and, therefore, the configuration at C-1 of the chromophore (69) . The C domain of module 4 of PvdL clearly groups with C domains of the D C L type, hence linking an L-configured Dab residue to the growing peptide chain ending with D-tyrosine. The lack of an epimerization domain in module 4 is consistent with a 1S configuration for the chromophore of the Pf-5 pyoverdine (Fig. 2C) . This left the nature of the dicarboxylic side chain to be established. The molecular mass of the Pf-5 pyoverdine was detected by ESI-MS mainly as a double-charged quasimolecular ion at m/z 644.7941 [M ϩ 2H] 2ϩ (see Fig. S3 in the supplemental material), indicating the molecular formula C 55 . If the C, N, and O atoms accounted for by the eight identified amino acid residues and the chromophore moiety are subtracted from the molecular formula of the Pf-5 pyoverdine, the remaining fragment of the molecule must contain four carbon, five hydrogen, and three oxygen atoms, which corresponds to succinic acid. The structure of the Pf-5 pyoverdine was thus determined to be succinic acid-chromophore- (Fig. 2D) and is therefore identical to that of the pyoverdine of P. protegens CHA0 (26) , with the absolute configuration of the alanine residues now clarified.
Cross-feeding of Pf-5 and Fpv ؊ derivatives by siderophoreproducing strains of Pseudomonas spp. Previously, we reported that mutants of Pf-5 lacking both the NRPS-encoding pvdI and a gene for enantio-pyochelin biosynthesis (i.e., ⌬pvdI-pchC or ⌬pvdI-pchA mutants) are deficient in siderophore production and cannot grow on an iron-limited medium unless an exogenous ferric-siderophore complex that can be used by Pf-5 is provided (20) . We also identified strains of Pseudomonas spp. that cross-fed the ⌬pvdI-pchC mutant, thereby enabling growth of the mutant on the iron-limited medium. Here, we followed up on that study by testing representative strains of Pseudomonas spp. that crossfed the ⌬pvdI-pchC mutant of Pf-5 for cross-feeding of the six Fpv Ϫ mutants (the fpvU, fpvV, fpvW, fpvX, fpvY, and fpvZ mutants) in the ⌬pvdI-pchC background (Table 1) . Because there is residual enantio-pyochelin production by the ⌬pvdI-pchC mutant of Pf-5 (20), a subset of the strains was also tested for cross-feeding of Fpv Ϫ mutants in a ⌬pvdI-pchA background. The ⌬pvdI-pchA mutant does not produce detectable levels of pyoverdine or enantio-pyochelin (20) . Cross-feeding results did not differ between a given Fpv Ϫ mutant in the two mutant backgrounds (Table  1; see Table S3 in the supplemental material).
As predicted from its location within a pyoverdine biosynthesis gene cluster (20) , FpvZ was necessary for cross-feeding by wildtype Pf-5. FpvZ was also necessary for cross-feeding by P. protegens CHA0, which produces the identical pyoverdine as Pf-5, and P. chlororaphis DTR133 (Table 1) . Like Pf-5 and CHA0, strain DTR133 produces a pyoverdine having 8 amino acids in the peptide chain, with the first 7 amino acids (Asp-FOHOrn-Lys-ThrAla-Ala-FOHOrn) being in common (Table 1 ).
Based upon the high level of conservation in the binding residues between FpvU of Pf-5 and FpvAI of P. aeruginosa PAO1, we expected that the two proteins would recognize similar pyoverdines. FpvAI recognizes the type I pyoverdine produced by P. aeruginosa strain PAO1 (70) , and a deletion in fpvU eliminated cross-feeding of Pf-5 by strain PAO1, as expected. FpvU was also required for cross-feeding by P. fluorescens SBW25 and P. fluorescens ATCC 17518 ( Table 1 ). The three pyoverdines recognized by FpvU have 7 or 8 amino acids in the peptide chain, with D-Ser in the first position, Arg or Lys in position 2, and a small residue (Ser or Gly) in position 3, followed by FOHOrn-Lys-FOHOrn. Thus, the first 4 amino acids of these peptide chains are identical to those found in pyoverdines that bind with high affinity to FpvAI (15) .
FpvY was required for cross-feeding by two strains of P. rhodesiae and three strains of P. marginalis. The structure of the pyoverdine(s) produced by the strains of P. marginalis is unknown, but both strains of P. rhodesiae produce a pyoverdine having a peptide chain composed of 10 amino acids (Table 1) . FpvW was required for cross-feeding by Pseudomonas sp. B10, P. lini DLE411J, and P. fluorescens ATCC 17513. Of these strains, only strain B10 produces a pyoverdine of known structure, although the same pyoverdine is produced by P. lini DLE411J, as determined by siderotyping (34) ( Table 1) . FpvX was required for cross-feeding by Pseudomonas sp. SB8.3 and P. putida CS111, which produce the same pyoverdine (Table 1) . FpvV was required for cross-feeding by P. putida Bn7, which produces a pyoverdine of unknown structure (Table 1) .
In summary, each of the six Fpvs was required by Pf-5 for cross-feeding by one or more strains of Pseudomonas spp. Collectively, the six Fpvs were required for cross-feeding by 18 strains that produce at least eight different pyoverdines, with seven having known structures (Table 1) . Therefore, the cross-feeding assays identified candidate pyoverdines that may be recognized by each of the six Fpvs of Pf-5.
Specific Fpv proteins are required for the utilization of purified pyoverdines as iron sources. To confirm that the candidate pyoverdines were recognized by the specific Fpvs identified above, we purified representative pyoverdines from culture supernatants of cross-feeding strains of Pseudomonas spp. and tested the purified compounds. A single pyoverdine isoform was detected in culture supernatants of P. protegens Pf-5, P. rhodesiae CFML92-104, 
Ser-FOHOrn-Orn-Gly-aThr-Ser-cOHOrn (type II pyoverdine)
a Underline denotes a D-amino acid. Parentheses define cyclic residues. cOHOrn, cyclo-hydroxy-ornithine; εLys, Lys linked by its ε-NH 2 ; OHAsp, threo-␤-hydroxy-aspartic acid; aThr, alloThr. Italicized structures were predicted by siderotyping and lack stereochemistry (Table 1) (from Pseudomonas sp. strain B10) was spotted in the center of each plate containing an iron-limited medium (KMB amended with 600 mM 2,2=-dipyridyl). Ten microliters of a cell suspension (ϳ10 6 CFU/ml) of a pvdI-pchA mutant of Pf-5 (Fpv ϩ ) or the pvdI-pchA mutant with a deletion in one of six fpv genes (fpvU, fpvV, fpvX, fpvY, or fpvZ) was spotted 1 cm from the center of the plate. The plate was incubated at 27°C for 2 days. Growth of all strains with the exception of the pvdI-pchA-fpvW mutant was observed, indicating that FpvW is required for uptake of pyoverdine B10-2. aeruginosa PAO1, ATCC 27853, LESB58, UCBPP-PA14, and 7NSK2, respectively; Pb NFM421, P. brassicacearum subsp. brassicacearum NFM421; Pc O6 and Pc 30-84, Pseudomonas chlororaphis O6 and 30-84, respectively; Pe 14-3, Pseudomonas extremaustralis 14-3; Pf SBW25, P. fluorescens SBW25; Pp GB-1, Pp KT2440, and Pp WCS358, P. putida GB-1, KT2440, and WCS358, respectively; Psp Ag1, Psp BG33R, Psp GM17, Psp GM24, Psp GM50, Psp GM79, Psp GM102, Psp and Pseudomonas sp. strain SB8.3 (Table 2 ). In contrast, two or more pyoverdine isoforms were detected in culture supernatants of P. aeruginosa PAO1, Pseudomonas sp. B10, and P. putida Bn7. In each of the last three strains, differences in mass of the pyoverdine isoforms could be explained by variations in acyl side chains (see Text S1 in the supplemental material). Pyoverdine isoforms, having an identical chromophore and peptide chain but differing in the nature of the dicarboxylic side chain, are known to be produced by many pseudomonads (6) . The purified pyoverdines were tested to determine if they could be utilized as iron sources by Pf-5 and the six mutants lacking an Fpv (i.e., the fpvU, fpvV, fpvW, fpvX, fvpY, and fvpZ mutants) (Fig. 3) . In all cases, the purified pyoverdine isoforms and the partially purified pyoverdines from a given strain were identical to one another in stimulating the growth of Pf-5 on the iron-limited medium (Table 2 ). These results conform to those of Meyer et al. (72) , who reported that the succinic acid, succinamide, and ␣-ketoglutaric acid isoforms of the P. aeruginosa ATCC 15692 pyoverdine display identical efficiencies in iron uptake, suggesting that the modification of the acyl chain does not affect the biological function of these compounds. In the present study, each purified pyoverdine failed to stimulate the growth of one of the six Fpv Ϫ mutants on the iron-limited medium, and the Fpv recognizing each purified pyoverdine (Table  2 ) was identical to that identified in assays evaluating cross-feeding by the pyoverdine-producing strains (Table 1) . Therefore, a specific pyoverdine corresponding to each of the Fpvs of Pf-5 was assigned, and pyoverdines of known structure were matched to five of the six Fpvs.
Phylogenetic analysis of Fpvs. The six Fpvs of Pf-5, their closest orthologs, and characterized Fpvs with known substrates from other Pseudomonas spp. were aligned and subjected to phylogenetic analysis (Fig. 4A) . FpvV is in the same clade as PupB from P. putida WCS358 (40) , and both FpvV and PupB recognize the pyoverdine of unknown structure produced by P. putida Bn7 (Fig.  4B) . Neither FpvX, FpvY, nor FpvZ, the TBDP for the uptake of Pf-5's own pyoverdine, has an ortholog with known substrates. To our knowledge, Fpvs recognizing the pyoverdine structures assigned here to FpvX, FpvY, or FpvZ have not been reported in the literature. FpvU is in a well-supported clade with FpvAI (70), and both proteins take up the type I pyoverdine produced by P. aeruginosa PAO1. FpvW and PbuA from Pseudomonas sp. strain M114 (73) are in the same clade; both proteins can take up pseudobactin, the pyoverdine produced by Pseudomonas sp. B10. Pf-5 does not have an ortholog to PupA (Fig. 4A) , which recognizes the pyoverdine of P. putida WCS358 (74) . This observation is consistent with our earlier finding that strain WCS358 does not crossfeed Pf-5 (20) . By comparing our phylogenetic analysis with observations from cross-feeding experiments (Fig. 4) , we conclude that phylogenetically related Fpvs recognized structurally related pyoverdines.
Functional redundancy of Fpvs in P. protegens Pf-5. Nine of the pyoverdine-producing strains of Pseudomonas spp. cross-fed all of the single Fpv Ϫ mutants ( Table 1 ), indicating that crossfeeding by these strains was not mediated by a single Fpv in Pf-5. P. fluorescens strains WCS374 and A506 were among the nine strains, which was unexpected because the pyoverdine produced by WCS374 (41) has the same amino acids in the peptide chain as the pyoverdines produced by three strains (P. fluorescens SBW25, P. fluorescens ATCC 13525, and P. chlororaphis ATCC 9446) that cross-fed Pf-5 via FpvU. Bioinformatic analysis of the NRPSs (PvdI and PvdD) responsible for biosynthesis of the pyoverdine peptide chain in the genome of strain A506 predicted that the peptide chain of the A506 pyoverdine has the same amino acid composition as the pyoverdines from the other four strains (SBW25, ATCC 13525, ATCC 9446, and WCS374) (Fig. 5) . WCS374 produces the secondary siderophore pseudomonine (41) , and a pseudomonine biosynthesis gene cluster is also present in the A506 genome (49) . Pyoverdine-deficient mutants of WCS374 and A506 did not cross-feed the Pf-5 ⌬pvdI-pchC mutant, however, indicating that the pyoverdines, rather than pseudomonine or another secondary siderophore that may be produced by these strains, were responsible for the cross-feeding. Because there are similarities in both the N-terminal and C-terminal amino acids of the peptide chains of pyoverdines recognized by FpvU and FpvY (Table 2 ; Fig. 4) , we reasoned that there may be overlap in pyoverdine uptake by these two Fpvs. To explore this possibility, we generated and tested a double fpvU-fpvY GM103, and Psp PAMC 25886, Pseudomonas sp. strains Ag1, BG33R, GM17, GM24, GM50, GM79, GM102, GM103, and PAMC 25886, respectively. The consensus tree was inferred from 1,000 replicates, and branches corresponding to partitions reproduced in less than 30% bootstrap replicates were collapsed. The percentage of replicate trees in which the proteins clustered together in the bootstrap test is shown next to each branch. (B) Pyoverdine peptide chain sequences recognized by the adjacent Fpvs. See Table 2 for an explanation of abbreviations and formatting. Pyoverdines associated with Fpvs of Pf-5 in this study (Table 2) mutant in the Pf-5 ⌬pvdI-pchC background and found that it was not cross-fed by strain WCS374 or A506. We also made derivatives of Pf-5 lacking two Fpvs in all combinations, and with the exception of the fpvU-fpvY mutant, all other double mutants were crossfed by WCS374 and A506 (Table 3) . Therefore, strains WCS374 and A506 cross-fed Pf-5 via both FpvU and FpvY, whereas three other strains (SBW25, ATCC 13525, and ATCC 9446) that produce pyoverdines having peptide sequences with an identical amino acid composition cross-fed Pf-5 via FpvU alone (Table 1) . We attribute this apparent discrepancy to differences in the absolute configuration of the pyoverdines, as our bioinformatic analysis revealed that the NRPS encoded by PvdI and PvdD in the A506 genome lacks the epimerization domain in module 6 that is present in the SBW25 NRPS (Fig. 5) . This difference is expected to result in the L configuration for the ␦N-formyl-␦N-hydroxy-ornithine at position 6 in the peptide chain of the A506 pyoverdine versus the D configuration for this amino acid in the SBW25 pyoverdine. To determine if the WCS374 pyoverdine also has an L-␦N-formyl-␦N-hydroxy-ornithine at position 6, we designed PCR primers complementary to pvdD in A506 and SBW25 (see Table S2 in the supplemental material) and amplified and sequenced the region of the WCS374 genome between the thiolation domain of module 6 and the condensation domain of module 7 (Fig. 5) . As with A506, no epimerization domain was detected in module 6 of the WCS374 PvdI/PvdD NRPS (data not shown). We suggest that a difference in stereochemistry, specifically, the configuration of the L-␦N-formyl-␦N-hydroxy-ornithine at position 6, is responsible for the differential uptake of these five pyoverdines by FpvY. This finding has precedence in the literature: FpvAI recognizes with high affinity only one of the possible stereoisomers of certain ferric-pyoverdine complexes and has a low affinity for pyoverdines that exist primarily in the incorrect conformation (15) . Overlapping functions of TBDPs also are not uncommon in Pseudomonas spp. For example, P. aeruginosa has two TBDPs for enterobactin (75, 76) and two for ferrichrome (77) , and FpvB is thought to function as a second receptor (in addition to FpvAI) for uptake of ferric complexes of the type I pyoverdine (78) .
Due to the overlapping roles of FpvU and FpvY in pyoverdine uptake, we tested the possibility that other Pf-5 Fpvs also have overlapping functions. The remaining seven strains of Pseudomonas spp. that cross-fed all single Fpv Ϫ mutants (Table 2 ) were tested for cross-feeding of Pf-5 mutants lacking two of the six Fpvs in all combinations. Each of the seven strains (P. fluorescens CLR711 and CTRp112, P. costantinii CFBP 5705, Pseudomonas sp. strain A6, P. putida CFML90-40, and P. aeruginosa ATCC 27853 and 7NSK2) cross-fed all of the double Fpv Ϫ mutants of Pf-5 (data not shown). As described above, secondary siderophores produced by the strains could be responsible for cross-feeding of Pf-5. This possibility could be excluded only for strain 7NSK2, for which a mutant deficient in pyoverdine production was available. The pyoverdine-deficient mutant of 7NSK2 did not cross-feed the ⌬pvdI-pchC mutant of Pf-5, indicating that the pyoverdine produced by 7NSK2 was responsible for cross-feeding. To verify these results, we partially purified the type II pyoverdines from culture supernatants of P. aeruginosa strains 7NSK2 and ATCC 27853 and tested them in cross-feeding experiments. Like the producing strains, the pyoverdines alone cross-fed all of the double Fpv Ϫ mutants of Pf-5 (data not shown). It is possible that 1 or more of the 39 TBDPs in the Pf-5 genome that were not evaluated here could contribute to the uptake of these ferric-pyoverdine complexes, even though those TBDPs do not show high levels of sequence identity to known Fpvs. Another possibility is that there is overlapping substrate recognition for the Fpvs, such that a given pyoverdine can be taken up by several of these receptors. Although Fpvs exhibit strict specificity in high-affinity pyoverdine uptake, previous studies have shown that pyoverdines can be transported into the cell with a lower affinity by Fpvs lacking strict specificity (15) . Differences between high-and low-affinity uptake cannot be distinguished in cross-feeding experiments such as those done in this study, but future studies evaluating the uptake of labeled ferric-pyoverdine complexes by Pf-5 and derivative strains would be useful in exploring the possibility that these seven pyoverdines may be taken up by multiple Fpvs.
Conclusions. For a soil bacterium like P. protegens Pf-5, which can establish in the rhizosphere where biologically available iron is limited, the ability to use heterologous pyoverdines can provide a competitive advantage (18, 24, 79) . P. protegens Pf-5 produces and utilizes the same pyoverdine produced by P. protegens CHA0 as well as the lower-affinity siderophore enantio-pyochelin to provide itself with iron, yet it maintains an arsenal of TBDPs for the uptake of heterologous siderophores. In this study, we employed a combination of phylogenetics, bioinformatics, mutagenesis, pyoverdine structural determinations, and cross-feeding bioassays to assign specific ferric-pyoverdine substrates to each of the six Fpvs of Pf-5. We established that FpvZ serves as a component of the pyoverdine-mediated iron acquisition system of Pf-5, taking up the ferric complex of the strain's cognate pyoverdine, and all six Fpvs recognize pyoverdines produced by other strains of Pseudomonas spp. We also demonstrated that phylogenetically related Fpvs take up ferric complexes of structurally related pyoverdines, thereby establishing structure-function relationships that can be employed in the future to predict the pyoverdine substrates of Fpvs in other Pseudomonas spp. 
